Data file S3. Interactions for highly asymmetric duplicate pairs This table includes the number of negative genetic interactions for duplicate pairs with unique-interaction ratios exceeding 7:1. The genes with which each duplicate interacts are also listed. Each row contains a single duplicate pair. Columns tab-delimited, and common names for interaction partners (in columns 5 & 6) are separated with semi-colons.
Data file S4. Select profile correlations for duplicates SSO1 and SSO2
This table shows differences in composite profile correlations which highlight functional differences between SSO1 and SSO2. Scores shown reflect both array side and query side interactions and are taken from (Costanzo et al. 2010) . SSO1 shows high profile similarity with genes involved in chitin biosynthesis (CHS3, CHS5, SKT5 ) and polarized cell growth (BUD6, BEM3, AXL2 ), suggesting a specific role for SSO1 in these processes during vegetative growth. SSO2 lacks genetic interactions in common with these genes and thus exhibits very poor similarity. Genetic profile similarities reported here support previous observations from high-content screening experiments indicating SSO1 is important for normal actin localization and deletion of SSO1 results in more severe actin mis-localization (21%) compared to a sso2∆ mutant strain44 (4%)(Supplementary 
Supplementary Note 1: Ribosomal Duplicates
Ribosomal duplicates constitute a sizable fraction of whole genome duplicates, and their direct impact on growth rate means they present a very strong signature within the genetic interaction network. They also (reassuringly) represent a significant portion of our defined dosage class. To ensure that our results are not overly influenced by this characteristic signature, we here present a summary of statistics which are affected by the removal of ribosomal duplicates from consideration. Statistical tests were repeated as in the main text with any duplicate pair with an annotation in the "Translation" Gene Ontology term being removed. First, the direction and significance of most of the core statistical results was maintained after removing the ribosomal duplicates: Figure 2A : genetic interaction rate among duplicates; Figure 2C : evidence for fewer genetic interactions among duplicates; Figure 2D : evidence for lower profile similarity among duplicate pairs than protein-protein interaction pairs; Figure 3B : the shared protein-protein interaction partner dosage/divergent selection analysis; Figure 4A : asymmetry of duplicate pairs interaction degree; Figure 4B : relationship between genetic interaction asymmetry and other functional data; and 4C: the relation between the high/low degree sister and the singleton average. For Figure 3A , which showed the difference in profile similarity between dosage and divergent pairs, the medians trend in the same direction, but the difference between dosage and divergent pairs is not significant after removal of the ribosomal pairs due to a loss of many pairs in the dosage class. All other distinctions on that figure (e.g. the PPI/divergent difference) remain significant, and notably, Figure 3B demonstrates a similar conclusion using a different approach and is statistically significant after removing the ribosome. Interestingly, the result from Figure 2B , the difference in synthetic sick/lethal interaction rates between WGD and SSD pairs, appears to be explained by the ribosomal duplicates as this difference is no longer significant after removing the ribosome: 17 out of 23 (74%) screened ribosomal WGD pairs are synthetic sick/lethal, which is much higher than the rate for non-ribosomal WGD pairs (28%). Finally, the difference in the synthetic lethality rate for symmetric vs. asymmetric duplicates presented in Supplementary Fig. S6 becomes significant (p <1e-2) as many of the (often synthetic lethal) ribosomal duplicates fall into the symmetric class. Our conclusions based on this result (i.e. that asymmetric duplicates show negative interactions at least as frequently as symmetrically diverged duplicates) remain unchanged.
Supplementary Note 2: Sequence evolution rates support selection class distinction
Cross-referencing our dosage-mediated and divergent duplicate sets with slowly and quickly evolving pairs from Kellis et al. revealed another connection in principle. Selecting pairs whose sequences appear to be diverging very slowly, we found an enrichment for paralogs in the dosage set. Specifically, out of the 372 pairs that existed in the referenced study and had appropriate classification data, 41 were classified as slowly diverging, and 45 were annotated as dosage.
The overlap between these two sets (14 pairs) proved to be significant (p <7e-5; hypergeometric cdf). A similar comparison showed that all but three pairs from the quickly evolving set (totaling 89 pairs) belonged to the functionally divergent set (p <2e-3; hypergeometric cdf), again supporting the distinction between the two sets. Duplicate pairs that are performing the same functions, and therefore must be retained to maintain dosage levels, would be under equal and symmetric selection against change, and therefore exhibit a very slow rate of divergence. Meanwhile, pairs which are maintained because they are upholding even slightly different responsibilities would be under far less sequence preservation pressure and are therefore far less constrained.
Supplementary Note 3: Genetic interactions highlight the divergence of GAS1 and GAS2
GAS1 and GAS2, are extremely asymmetric in the number of interactions they exhibit. Both of these genes are involved in the maintenance of the cell wall, but appear to be utilized under very different contexts (Ragni, Fontaine, et al. 2007 ). GAS1 has 139 negative genetic interactions, and the genes with which it interacts are enriched for annotations to GO processes relating to cellular structure and morphogenesis (GO:0032989; p <6e-4). It is required for cell wall assembly, and expressed during normal vegetative growth. GAS2, by contrast, has only 7 negative genetic interactions and is expressed exclusively during sporulation, where it is required for spore wall assembly (Ragni, Coluccio, et al. 2007 ). These two genes may be performing very similar tasks in the construction of similar cellular structures, and yet they share only one negative genetic interaction with YIH1, which affects gene expression in response to starvation (Sattlegger et al. 2004 ). Presumably, starvation triggers the cellular switch from a context where GAS1 is used in the construction and maintenance of normal cell and bud wall material, to a context where GAS2 is instead used in the construction of spore wall. Before the small scale duplication event from which this pair arose, it is conceivable that these roles were upheld by a single ancestral GAS gene, and one modern copy now carries the burden of the responsibilities while the other operates on a very specific subset.
Supplementary Note 4: Proposed model of duplicate divergence.
We propose a model for self-reinforcing asymmetric divergence of duplicate genes which relies only on the relaxation of negative selective pressure resulting from genetic redundancy and loss-of-function mutations. The key observation of the model in comparison to previous attempts at explaining asymmetric divergence is that while mutations occur in sequence space, selection ultimately acts on function space, and thus, a single change at the amino acid level may affect multiple functions of a given protein.
Similarly, a given function may have been lost due to any one of a number of mutations ( Supplementary Fig. S9 ). Thus, we developed a simple discrete formulation of this model, assuming multiple functions (>1) per protein, and that random mutations in sequence space may have K (>1) effects in function space. This represents an update of a previous model that attempted to show asymmetry as a result of only negative selection pressure and loss-of-function mutations (Wagner, 2002) . However, this previous model assumed that either duplicate gene had an equal probability of acquiring an additional loss-of-function mutation, which is not realistic in the case that one gene has already lost much of its function due to degenerating mutations. Our assumption allowing single sequence mutations to affect more than one function predicts asymmetry without requiring the assumption of equally probable loss-of-function mutations. Consider two divergent duplicate genes with N functions. These N functions belong 3 different categories. Those lost in duplicate 1 (l 1 ), those lost in duplicate 2 (l 2 ), and those redundant functions, which are lost in neither (R) (Supplementary Fig.  S10 ). We assume that a mutation resulting in the loss of a function which has already been compromised in the sister duplicate will be deleterious and unsustainable. Given this formulation, the probability that the region l 1 increases via a sustainable mutation (with k out of K effects in region R) increases with l 1 itself (Supplementary Figure S11) .
We can further generalize this model beyond this discrete formulation by formalizing the relationship between mutations at the sequence level and their consequences at the functional level. If we have a duplicate pair G 1 and G 2 , either may accumulate mutations freely immediately after duplication due redundancy provided by the sister gene. However, if one gene has a mutation that seriously impinges on one of its major functions (F 1 ), any mutation in the sequence regions that support F 1 that would lead to a similar loss of function in G 2 is selected against because the cell presumably would incur a fitness penalty if the function F 1 is lost in both sisters. At the same time, G 1 can have mutations in sequence regions that only effect F 1 or any remaining redundant functions shared by G 1 and G 1 (call this F R ). In this manner, G 1 continues to accumulate mutations that reduce it's functionality until it is completely non-functional, or until G 1 has a mutation that impinges on a different function F 2 , causing the corresponding sequence that supports F 2 to be conserved in G 1 .
If we let S 1 , S 2 , and S R be the parts of the sequence that correspond to functions F 1 , F 2 and F R respectively, and assume that mutations happen with equal probability at any point of the sequence, we can find the probability of having a mutation in G 1 that incurs an additional loss of function for G 1 without impinging on any functions already lost to G 2 :
The key point is that while A (the sequence regions that support only F R but not F 1 or F 2 ) is the same for G 1 and G 2 , B (the sequence regions that support F R or F 1 but not F 2 ) is likely larger for G 1 than the equivalent term for G 2 (P((S R ∩ S 1 ) ∩ S c 2 )) if S 1 > S 2 . Therefore a gene that has already lost more functionality is likely to have more sustainable mutations that result in an even greater loss of function. Yet the sequence-function relationship structure may forbid particular redundant functions from falling to one duplicate or the other (Supplementary Fig. S9 ). This framework then not only explains the asymmetry observed between duplicate pairs in function-based and sequence based studies, but also accounts for the high degree of retained functional overlap among even the most asymmetric duplicate pairs. Figure S2 : Duplicate genetic interactions cannot account for their double mutant fitness. In previous work we found a strong correlation (r=0.7, Costanzo et al. 2010 ) between the single mutant fitness defect of a gene and its genetic interaction degree. We used this idea to control for the "importance" of each duplicate pair by fitting a linear model of the pair's double mutant fitness (DMF) to the union of their genetic interaction degree. We then did the same for functionally related pairs and found that after controlling for the DMF, duplicate pairs had fewer interactions than expected (shown here). For example, the transcription factors STP1 and STP2 both activate the transcription of amino acid permease genes in response to extra-cellular stimuli, and exhibit an SSL interaction with each other. Their double mutant fitness (0.48) would predict they show some 220 interactions. However, their combined profile contains only 103 SSL interactions (and they share only 6). Taking the DMF of a duplicate pair to approximate the SMF of the pair's ancestor (DeLuna et al. 2008) , this result suggests that the union of their interactions (an approximation of the ancestor's interactions) is missing interactions supposedly possessed by the ancestor. We submit that these missing interactions are buffered due to retained redundancy, but represent real functional consequence as evidenced by their effect on double mutant fitness. Figure S3 : Proportion of Duplicates in "Dosage" class. Approximately 14% of duplicate pairs in this study fall into the "dosage" category. However, if we apply the threshold criteria derived from the small-family set (Methods) to duplicates in general, we see that about 21% of duplicates would belong to the dosage class. The difference between these two proportions is significant (p = 3 * 10 −5 ) as the inclusion of larger gene families naturally picks up many genes which have higher phylogenetic volatility scores. These are canonical dosage-mediated pairs, and may have been duplicated for the sole purpose of increasing product quantity. However, the thresholds determined on the small family set may not be appropriate for duplicates in general. Interestingly, SSD paralogs appear to have a higher proportion of dosage-mediated pairs than WGD pairs (22% vs 12%, p <5e-3, see Methods). We speculate that this difference may stem in part from the unique balance opportunities that a whole genome-duplication event might provide, possibly allowing greater tendency towards functional specialization. Figure S6 : Asymmetric pairs show retained shared functionality. Proportion of synthetic sick duplicates by degree ratio is shown. Highly asymmetric duplicate pairs are no less functionally related than less asymmetric pairs. In fact, the rate of negative genetic interaction between pair members is slightly higher than for duplicates with a more balanced distribution of interactions, though the difference is not significant (See Supplementary Note 1). Error bars represent the error on a binomial proportion and details for the binomial proportion significance test can be found in the Methods section. , and singletons were restricted to those with a single mutant fitness defect (SMF <1). Each duplicate pair was then sorted by genetic interaction degree and aggregates are shown. Dotted lines represent the same process applied to a simulated distribution as in Figure 4A . The difference between high degree duplicates and singletons is not significant (56.4 vs 53.9; p >0.2; Wilcoxon rank-sum). The difference between singleton and duplicate interaction degree (Fig. 2C) is then generally attributable to one member of each pair. Figure S8 : Differences in SSO1/SSO2 interaction profiles agree with localization patterns. SSO1 shows high profile similarity to genes involved in chitin biosynthesis and polarized cell growth, which SSO2 does not (Supplementary Table 4 ). Actin localization patterns (Ohya et al. 2005 ) support a unique roll for SSO1 during polarized cell growth. there is no selection pressure on the sequence of either of the duplicates. At time 2 however, duplicate 1 has lost function 2 by a mutation at S 2 while duplicate 2 has lost function 3 by a mutation at S 11 . Duplicate 1 now has selection pressure on S 6 , S 9 , S 10 , S 11 , and S 12 because these sequence regions support function 3 and the cell would lose function 3 if duplicate 1 has a mutation at any of these positions. Because duplicate 1 has less selection pressure, the probability of it having another sustainable mutation is higher than for duplicate 2, and it receives one at S 5 at time 3. Now duplicate 1 supports functions 3 and 4, while duplicate 2 supports functions 1, 2 and 4 and no other loss of function mutations can occur for either duplicate. Note that function 4 is supported by both duplicates causing a negative genetic interaction if both are deleted.
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Figure S10: Asymmetric divergence model. The figure shows two duplicate genes, each of which has lost some of their once redundant functions. Mutations to sequence (not shown) cause the loss of multiple functions (red X). Functions must be maintained in one duplicate or the other to be sustainable. Shown are 3 possible arrangements for the loss of function affects of a single sequence mutation(K=3). The duplicate with greater loss has more possible sustainable arrangements in which loss is increased. In essence, the less functional copy is more accommodating to loss-of-function mutations in general, and stands a greater chance of losing further redundant function.
Figure S11: Probabilistic simulation of discrete asymmetric duplicate divergence. Probability of further loss in duplicate 1 (given a mutation in duplicate 1) as a function of duplicate 1's proportion of total loss, for various values of K. The line increases monotonically, indicating that the duplicate with greater proportional loss, has a higher probability of sustaining a mutation which increases loss. For this example N = 60 and R = 35, though the always increases property holds for any N, R, K > 1. The special case K = 1 illustrates the probabilities of an earlier model (Wagner, 2002) in which a mutation only affects functions within R, in which case the probability depends only on R (equal for both duplicates), and thus the total proportion of loss has no effect.
